Pharmacogenetics is frequently cited as an area for initial focus of the clinical implementation of genomics. Through the PG4KDS protocol, St. Jude Children's Research Hospital pre-emptively genotypes patients for 230 genes using the Affymetrix Drug Metabolizing Enzymes and Transporters (DMET) Plus array supplemented with a CYP2D6 copy number assay. The PG4KDS protocol provides a rational, stepwise process for implementing gene/drug pairs, organizing data, and obtaining consent from patients and families. Through August 2013, 1559 patients have been enrolled, and 4 gene tests have been released into the electronic health record (EHR) for clinical implementation: TPMT, CYP2D6, SLCO1B1, and CYP2C19. These genes are coupled to 12 highrisk drugs. Of the 1016 patients with genotype test results available, 78% of them had at least one high-risk (i.e., actionable) genotype result placed in their EHR. Each diplotype result released to the EHR is coupled with an interpretive consult that is created in a concise, standardized format. To support-gene based prescribing at the point of care, 55 interruptive clinical decision support (CDS) alerts were developed. Patients are informed of their genotyping result and its relevance to their medication use through a letter. Key elements necessary for our successful implementation have included strong institutional support, a knowledgeable clinical laboratory, a process to manage any incidental findings, a strategy to educate clinicians and patients, a process to return results, and extensive use of informatics, especially CDS. Our approach to pre-emptive clinical pharmacogenetics has proven feasible, clinically useful, and scalable.
INTRODUCTION
Pharmacogenetics is frequently cited as an area for initial focus of the clinical implementation of genomics [Meyer, St. Jude Children's Research Hospital (St. Jude) provides comprehensive inpatient and outpatient care for children with catastrophic diseases, focusing on childhood cancer, infectious diseases, and sickle cell disease. St. Jude provides all home prescriptions, inpatient, and outpatient medications to approximately 4,200 patients each year. Since the early 1980s, the hospital's pharmaceutical department has operated both the clinical and laboratory aspects of the clinical pharmacokinetics service, which provides therapeutic drug monitoring for a variety of drugs administered to patients with catastrophic illnesses in a clinical research setting. St. Jude has a history of research and discovery in pharmacogenetics and genomics [Evans and Relling, 1999; Evans and McLeod, 2003; Cheok and Evans, 2006; Evans et al., 2013] . Our translational research experience combined with clinical and laboratory expertise in therapeutic drug monitoring have formed the foundation of our efforts to implement pharmacogenetics as standard of care for our patients. Unique aspects of St. Jude have allowed us to overcome many barriers to the implementation of pharmacogenetics and serve as a model for others .
Clinical pharmacogenetics services at St. Jude initially focused on single gene tests through the clinical pharmacokinetics laboratory. We initially began by providing two pharmacogenetic tests (TPMT and CYP2D6) directed to patients who were highly likely to receive drugs affected by these genes [Relling et al., 2006; Crews, Cross et al., 2011] . In 2011, our efforts expanded substantially through the introduction of the PG4KDS protocol (http://www.stjude.org/pg4kds) to pre-emptively genotype patients for multiple genes. This paper describes the successful pre-emptive implementation of array-based pharmacogenetic testing. Essential elements for success that can be applied to other settings are described below.
DEVELOPMENT OF PG4KDS
The goal of the PG4KDS protocol is to establish processes for using pharmacogenetic tests in the electronic health record (EHR) to pre-emptively guide prescribing. We elected to implement array-based clinical pharmacogenetics in the context of a clinical trial for several reasons. The PG4KDS protocol allows for a rational, stepwise process for implementing each gene, organizing and reporting data, and obtaining consent from patients and families. Because results are selectively entered into the EHR and communicated to patients (or their parents or guardians) using systematic procedures, the consent process focuses on procedures to withhold and share results, including managing incidental findings [Clayton, 2008; Wolf et al., 2008] . During the informed consent process, patients and families must select whether they would like to be contacted when a gene test result is added to their medical record, and patients over the age of 18 choose whether they wish to be informed of incidental findings relating to disease risk. It is important to highlight that a clinical research approach is not essential for implementation of a hospital-wide pre-emptive pharmacogenetics program. Other large scale implementations of pre-emptive pharmacogenetics have been successful in the context of routine clinical care [Pulley et al., 2012] .
Institutional support and coordination
St. Jude has a longstanding commitment to rapidly translating new laboratory discoveries into routine patient care across many areas. Genomics, including pharmacogenetics, has been a particular focus for many years. For example, St. Jude's leadership consistently implemented laboratory discoveries to advance the treatment for children with acute lymphoblastic leukemia (ALL) providing a paradigm that illustrates the stepwise implementation of genomic medicine over many years . Further, the implementation of genomics and individualized medicine is specifically noted in the 2010-2015 St. Jude strategic plan, with the objective to be a model center for translating biomedical discoveries into innovative treatment strategies for childhood cancer, sickle cell disease and other catastrophic diseases in children.
Because the institutional environment exists where clinicians embrace the implementation of innovative treatment strategies, we were able to readily obtain collaboration and support from across the organization, including physicians of all primary clinical services (Oncology, Hematology, Infectious Diseases) and our Information Sciences department to develop EHR and clinical decision support (CDS) functions. Several other aspects of the organization supported the development of PG4KDS, including the Family Advisory Council, which provided crucial input on patient and family perceptions of pharmacogenetics and the protocol, and the St. Jude Ethics Committee, which provided feedback and guidance on managing and reporting incidental findings.
In addition to the supportive environment that already existed, some new governance and infrastructure were developed to support PG4KDS. First, a multidisciplinary Pharmacogenetic Oversight Committee (POC) was established in 2011. The committee is chaired by the principal investigator of the PG4KDS study, and it includes the clinical coinvestigators of the PG4KDS protocol, physician representatives from all the clinical departments of the institution, a pathologist external to the study, the clinical decision support officer, and an external advisor. The POC provides oversight for the PG4KDS study and determines which gene test results should be placed in the EHR, what constitutes priority (high-risk) diplotypes, which drugs should be linked to genetic test results, and preferred methods of notification. The committee meets at least quarterly, and it is established as a subcommittee of the hospital's Pharmacy and Therapeutics Committee, which reports to the Medical Executive Committee. Disagreements have not occurred to date, but should they occur in the future the oversight committee is positioned to gain consensus first through the Pharmacy and Therapeutics Committee, and if necessary through the Medical Executive Committee. Second, a clinical pharmacogenetics coordinator role was established, which is filled by a pharmacist with clinical expertise in our patient population and in pharmacogenetics. Finally, we established a clinical pharmacogenetic residency training program accredited by the American Society of Health-System Pharmacists, and the resident is engaged in all facets of PG4KDS.
Genotyping
A crucial first step was to select the right testing platform conducted by a laboratory with the expertise to perform pharmacogenetic testing. Our approach is to genotype DNA using a high-throughput, clinically-oriented genotyping platform. Genotyping for 230 genes that includes 1936 loci relevant to pharmacogenomics is performed by the Medical College of Wisconsin (MCW) in a Clinical Laboratory Improvement Amendments (CLIA)-certified laboratory using the Affymetrix Drug Metabolizing Enzymes and Transporters (DMET) Plus array (Affymetrix, Santa Clara, CA) [Sissung et al., 2010] , supplemented with a CYP2D6 copy number determination using a quantitative PCR test. The DMET array itself detects a deletion of CYP2D6 (*5/*5). In order to further characterize the complex structure of this gene, we perform additional qPCR for copy number analysis using the following commercially available probes (Life Technologies Inc): Hs00010001_cn, Hs04502391_cn, and Hs04083572_cn. These probes allow for a more detailed dissection. In particular, we describe heterozygous deletions, duplications as well as the potential presence of a hybrid allele. We demonstrated outstanding concordance between the DMET platform and orthogonal genotyping methods . Because genotyping technology continues to evolve, PG4KDS allows flexibility to change to other genotyping methodologies over the course of the protocol.
Process to manage and report incidental findings
The management and communication of incidental or secondary findings identified through genetic testing is a challenge for the clinical implementation of genomics [Wolf et al., 2008] . In consultation with the institutional Ethics Committee, we defined an incidental finding in PG4KDS as one where: (a) the finding should carry a substantially higher risk than baseline in order to be considered significant; (b) the knowledge of the incidental finding would in some way be actionable (e.g., more frequent mammography, follow-up blood tests, prophylactic antibiotics, or genetic counseling would be possibly indicated if the finding were known); and (c) the incidental finding contributes information that is above and beyond what would be expected to be found in the course of normal health care (e.g., if an incidental finding related to risk of type II diabetes is of modest odds ratio compared to a well-recognized and easily measured risk factor, such as being overweight, it may not be worthy of bringing to the attention of the patient).
Because our criteria for an incidental finding are well defined and relatively stringent, we do not allow parents of minor children enrolled on PG4KDS the option of refusing this information on their child's behalf. If a finding is identified relating to the risk of disease, but the intervention to prevent, detect earlier, or treat that disease does not likely need to be taken until the patient reaches 18 years of age, the results are not reported until the patient reaches the age of majority and can give informed consent regarding incidental findings. All patients on the study who reach 18 years of age are contacted to give informed consent as an adult, and at that time, patients can choose whether they want to continue to participate and to have pharmacogenetic results placed in their EHR, and whether they want to be informed of incidental findings related to disease risk. If a patient elects to be informed of incidental findings relating to disease risk, the patient's attending physician (assisted by a genetic counselor, as appropriate) will discuss the meaning of any incidental result with the patient and review recommended actions. Overall, our approach to incidental findings recognizes that the return of selected incidental findings in coordination with the patient's primary physician is consistent with the recent guidance for reporting incidental findings in clinical exome and genome sequencing from the American College of Medical Genetics and Genomics (ACMG) [Green, Berg, et al., 2012] . However, the ACMG list of genes to be returned is not relevant to PG4KDS because the DMET array does not test for these genes.
THE PG4KDS PROCESS
Gene/drug pairs are prioritized for migration to the EHR based on a variety of criteria: inclusion in guidelines by CPIC or other professional organizations, FDA labeling recommendations, evidence of reimbursement for genetic testing for that drug's use, the availability of a stand-alone CLIA-approved test for the individual gene, and the publication of clinical trials linking drug effects to functional pharmacogenetic loci. The St. Jude POC makes final recommendations on the clinical implementation of gene/drug pairs. To systematically introduce each new gene/drug pair, we have created standard operating procedures and use a checklist that tracks the major steps to complete before implementing each gene/drug pair.
Patient Consent and Education
Patient consent for PG4KDS is obtained by a team of research nurses with extensive experience in enrolling patients on pharmacogenetic research studies. To avoid additional venipuncture whenever possible, a blood sample is collected at a convenient time when the patient is having venipuncture performed for another purpose. The patient education process and decisions regarding return of results for each patient is initiated during the patient consent process. In addition to providing consent materials in St. Jude's standard format and adhering to the organization's established consent procedures, we collaborated with St. Jude's Family Advisory Council to produce a video (http://www.stjude.org/pg4kds) that provides further detail about the PG4KDS protocol and pharmacogenetics, including differences between obtaining genetic information to guide safe medication use as compared to information about the risk of developing certain diseases, placing test results in the medical record, the advantages and disadvantages of participation, and a description of the consent process. This video is not a mandatory component of the consent process, but it is a supplement to the consent document and the individual face to face enrollment conversation. The video can be viewed before or after the consent process, and it is also available online for general education purposes to participants and others interested in more information about pharmacogenetic testing.
Genotyping, Result Management, and Incorporation into the EHR
After a patient agrees to enroll in the study, the PG4KDS protocol standardizes the process for genotyping, managing and interpreting results, and incorporating the result in the EHR, including CDS (Fig. 1) . After collection, the sample is processed and shipped to the laboratory at MCW. Once a patient's test results are available, a gene-specific diplotype translation report is sent to St. Jude via Secure File Transfer Protocol. The results are managed and posted to the EHR through the use of two in-house custom web-based applications (DMET Tracker and Consult Builder). Standard functions of St. Jude's EHR (Millennium system, Cerner Corporation, Kansas City, MO) are used to post results and deploy CDS.
Diplotype results are parsed from the translation report files and stored in a research database. Results for selected genes are made available for review through a web-based curation application called DMET Tracker. This application was created to assess the quality of pharmacogenetic test results and control the transfer of results from the research database to the patient's EHR. Informaticists check incoming genetic test results for consistency with existing results, possible sample handling errors, and result duplication. Pharmacists from the pharmacogenetics service manually review each result and approve or reject them for transfer into a pharmacogenetic review queue in the EHR. As each diplotype result is approved, it is coupled with an interpretive consult that explains the result and clinical significance of the diplotype in a concise and standardized format. From the review queue, a second independent clinical pharmacist inspects the genotype and its interpretive consult before verifying them and making them viewable in the EHR.
Predefined interpretive consults for each result are created using the Consult Builder application. This custom built web-based application provides templates, reusable text and versioning to produce and maintain consults in a consistent way across genes and diplotypes. The text of each consult includes five standard sections with a placeholder for patient-specific comments to be manually added by the verifying pharmacist as needed. These five standard sections include a phenotype assignment section, an interpretation of the diplotype, a dosing recommendation section, an activity score section when appropriate, and a link to the PG4KDS webpage for more information . For example, for CYP2D6 and TPMT, Consult Builder contains a library of over 200 predefined clinical pharmacogenetic consults, which we have further translated into 7 possible CYP2D6 and 4 possible TPMT phenotypes; that are then categorized as "routine" or "priority".
In order to facilitate finding pharmacogenetic information in the patient's medical record, a pharmacogenetics tab was created in the EHR. This tab displays all the pharmacogenetic relevant information that has been posted to a patient's medical record. Up to 999 items can be viewed in this tab irrespective of when the test was performed, which is different from most EHR laboratory flow sheets that are organized by test date. The "lifetime" nature of genomic tests dictates that they be displayed for the lifetime of the patient.
Priority Phenotypes Prompt Additional Action
Additional actions are taken for priority (high-risk) phenotypes which are defined as results that will require either a dosage modification, the use of an alternative agent, or additional patient monitoring. A gene-specific problem list entry is automatically populated for these phenotypes, and serves as the unambiguous trigger that drives point of care alerts at the time of prescribing and dispensing. When a high-risk medication is ordered for a patient with a priority phenotype problem list entry, an alert is presented to the clinician with specific recommendations to guide prescribing such as dose reduction or advice to select an alternative medication. Because current vocabularies widely used in EHRs (e.g., SNOMED) do not adequately differentiate various phenotypes for priority (high-risk) results, we created our own problem list nomenclature (Table I ). We have previously described the development and use of active CDS for pharmacogenetics in further detail [Bell et al., 2013] . When a problem list entry is added to the EHR, an automated email containing the patient's name, medical record number, gene name and phenotype is sent to the patient's primary attending physician, nurse practitioner, and fellow. Finally, during the result verification process, the pharmacist also performs a thorough medication reconciliation to determine if the patient is currently receiving a medication affected by the priority (highrisk) genotype. If the patient is receiving such a medication, action is taken to modify drug therapy based on the pharmacogenetic information (Table II) .
Patient Specific Communication
Finally, in order to inform patients of their genotype test result and to describe how it pertains to their medication use, letters are sent to the patients who have elected to receive them. The patient letter templates were shared with the Family Advisory Council, and their feedback was incorporated into the final templates. The information and format of each letter is reviewed by the hospital's patient education committee, and the final format of the letters contains the edits suggested by this committee. The letters are mailed to their home address and include gene-specific information sheets called "Do You Know…" (DYK) sheets. The electronic copies of the letters are posted to the patient's medical record and the DYK sheets are also available on the St. Jude website under the patient resources section for easy patient access (http://www.stjude.org/dyk-medications). We are also currently developing a pharmacogenetic result section within the patient web portal of the St. Jude EHR.
PATIENT AND CLINICIAN EDUCATION
PG4KDS has prompted us to expand education on pharmacogenetics across St. Jude for patients and clinicians. Pharmacogenetic information now extends throughout all of our patient education materials. For example, in order to standardize patient education for medications, St. Jude's Patient Education Committee develops drug specific patient medication sheets, which are provided to patients when they pick up their prescriptions from the pharmacy. For the 12 medications that have been implemented as part of PG4KDS, the medication sheets used across the hospital for all patients now include a section explaining that the use of the medication is influenced by genetics (www.stjude.org/med-info).
For clinicians, our education efforts have focused on general education across the clinical staff as well as specific advanced education for pharmacists. With every new gene/drug pair implementation, clinicians are provided educational material through various methods to allow them to learn how to use genetic information when prescribing. When a new gene/ drug pair is released to the EHR for the first time, an email is sent to all St. Jude clinicians to inform them of the availability of the results and corresponding CDS. An overview of new gene/drug pairs is published in each issue of the hospital's quarterly newsletter on drug therapy. The webpage for the PG4KDS protocol is also updated to include information about the new pair. Information on dosing recommendations according to pharmacogenetic status has been added to the St. Jude formulary, with specific dosing recommendations for prescribing medications according to the patient's gene-specific phenotype. Presentations on pharmacogenetics are routinely scheduled at various conferences within the organization.
Because pharmacists at St. Jude lead the interpretation and use of pharmacogenetic information, we have created a structured education and competency process for all pharmacists tailored to the individual's job functions. All pharmacists are provided with education material and tested on their ability to perform basic interpretation of a phenotype with corresponding drug-specific dosing recommendations. Clinical pharmacy specialists are also expected to be competent to determine a patient's expected phenotype when provided with a diplotype result. Pharmacist education on new gene/drug pairs is provided at routine department meetings before formal competencies are assigned. Pharmacogenetic competencies are now part of the initial competencies that pharmacists must complete when they are hired at St. Jude. Retraining to retain competency is performed every three years. The research nurses who enroll patients on the protocol also undergo an extensive education process and pass a competency related to pharmacogenetics, including how to discuss genomic tests with patients and families.
PG4KDS PROGRESS TO DATE
When the protocol opened in May 2011, our efforts focused on two genes: TPMT and CYP2D6. These two well-established pharmacogenes where already implemented to some extent to individualize drug therapy in our patients with ALL [Crews, Cross et al., 2011] . Our prioritization of new gene/drug pair implementation has relied heavily on the availability of CPIC guidelines, whose priorities closely matched those of the POC. We first prioritized implementation of agents that are routinely prescribed at St. Jude, but we have quickly expanded to gene/drug pairs less frequently used in our patient population, including SLCO1B1/simvastatin and CYP2C19/clopidogrel. Through August 2013, 1559 out of 1605 patients (97%) approached have consented to enroll on the PG4KDS protocol. Most of the patients who declined participation did not provide a reason, but seven patients noted privacy or general concerns about gene-based research. None of the patients who declined participation noted concerns about participation due to incidental findings, including the protocol requirement that any incidental findings will be provided to parents of minor children. The mean age of the enrolled patients was 9.8 years (range 53 days to 52 years); 51% were white (including Hispanics and non-Hispanics), 42% were black, 4% were of mixed race and 3% of unknown race. We have found that 1506 of 1559 patients (97%) have requested an individualized letter be sent with their genotype test result when each gene result is moved into the EHR.
The results of 4 genes have been moved into the medical record: TPMT, CYP2D6, SLCO1B1, and CYP2C19. They are coupled to 12 high-risk drugs (Table II) Of the 1016 patients with genotype results available, 78% of patients had at least one high risk (i.e., actionable) genotype result in their EHR. In the past 12 months, the turnaround time (defined by the time the sample is sent to the laboratory to time that results are sent back to St. Jude through the FTP server) ranged from 20 to 137 days. Because this testing is part of a research protocol and done for pre-emptive purposes (i.e. in most cases, there is no need for a faster turnaround time because high-risk drug prescribing is usually not pending the result of a genotype), no attempt has been made to optimize the turnaround time (TAT). We estimate that a practical TAT could be optimized to approximately 14-21 days should a faster TAT need to be achieved.
FUTURE DIRECTIONS AND CONCLUSION
While each new gene/drug pair added to the EHR comes with its unique challenges, in the near term, we plan to implement gene-based prescribing involving multiple genes (e.g., warfarin with VKORC1 and CYP2C9, amitriptyline with CYP2D6 and CYP2C19), which adds some complexity to our established processes . We plan to implement at least 8 new gene test results into the EHR over the next three years (e.g., DPYD, UGT1A1, G6PD), along with additional drugs, based partly on the output from CPIC over the next several years. In addition, we will continue to update how many interventions are made (e.g. how many prescribing decisions are altered) based on the preemptive genotyping approach. A greater challenge may occur if new discoveries prompt a patient's assigned phenotype to change after we have documented the result in the EHR and provided them with their phenotypic information. By only providing drug dose recommendations in the interruptive CDS alerts, we have established some flexibility to be responsive to changing information through new CDS alerts. Although we expect to manage such updates at our current scale, eventually a single well curated knowledge base for genomic medicine that can be linked to EHRs is needed that will help manage the evolving knowledge.
Through PG4KDS, St. Jude successfully implemented pre-emptive pharmacogenetics in over 1000 patients. Key elements of success include strong and broad-based institutional support, a knowledgeable clinical laboratory, a process to manage return of results and incidental findings, extensive use of informatics, the EHR and CDS, and broad clinician education efforts. All of these functions are needed for the successful clinical implementation of genomics at any institution. Our approach to pre-emptive clinical pharmacogenetics has proven feasible, clinically useful, and scalable. Of the total number of patients genotyped, 78% have at least one high-risk genotype that warrants making medication therapy adjustments. "Possible" phenotypes are defined as genetic test results that cannot distinguish between two statuses, but are partially informative. In these cases, either the most actionable phenotype or the most likely phenotype is labeled as possible. [Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/journal/xxx]. The table lists the number of patients with each observed phenotype. "Possible" phenotypes are defined as genetic test results that cannot distinguish between two statuses, but are partially informative. In these cases, either the most actionable phenotype or the most likely phenotype is labeled as possible. For example a patient with a TPMT result of "*1/*3A,*3B/ *3C" is labeled as having a possible intermediate TPMT phenotype because it is > 100,000 times more likely than a low or absent function phenotype, and the test cannot distinguish whether the variants identified are on the same allele (*1/*3A, intermediate function phenotype) or on two separate alleles (3B/*3C, low or absent function phenotype). [Color 
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